ERROR DISTRIBUTIONS FOR RANDOM GRID
APPROXIMATIONS OF MULTIDIMENSIONAL
STOCHASTIC INTEGRALS

CARL LINDBERG', HOLGER ROOTZEN?

ABSTRACT. This paper proves joint convergence of the approximation
error for several stochastic integrals with respect to local Brownian
semimartingales, for non-equidistant and random grids. The conditions
needed for convergence are that the Lebesgue integrals of the integrands
tend uniformly to zero and that the squared variation and covariation
processes converge. The paper also provides tools which simplify check-
ing these conditions and which extend the range for the results. These
results are used to prove an explicit limit theorem for random grid ap-
proximations of integrals based on solutions of multidimensional SDE-s,
and to find ways to ”"design” and optimize the distribution of the ap-
proximation error. As examples we briefly discuss strategies for discrete
option hedging.

1. INTRODUCTION

The error in numerical approximations of stochastic integrals is a random
variable, or, if one also is interested in the ”time” development of the error,
a stochastic process. Hence the most precise evaluation of the error which is
possible to obtain is to derive the distribution of the error. The prototype
example is the Euler method for the stochastic integral fot f(B(s),s)dB(s),
for a Brownian motion B. The Euler method is to approximate the integrand
with a stepfunction which is constant between the ”evaluation times” (or in
finance terminology ”intervention times”) of the grid i/n;i =0,1,... . This
leads to the approximation fg fonndB(s), with n,(t) = i/n on the intervals
[i/n,(i4+1)/n). In Rootzén (1980) it is shown that the approximation error
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Un =nl/2 fg(f — fon,)dB(s) converges stably in distribution,

n_ L / b
U" = 7, f(B(s),s)dW (s),
where W is a Brownian motion independent of B and f'(z,y) = %,
and where Rényi’s quite useful concept of stable convergence means that
U™ converges jointly with any sequence which converges in probability.

The intuition behind this result is that ”the small wiggles of a Brownian
path are asymptotically independent of the global behaviour of the path”.
The result has seen much further development, in particular to the error
in numerical solution schemes for SDE’s, and has recently found significant
application in measuring the risks associated with discrete hedging. A brief
overview of some of this literature is given below.

The present paper generalizes this result in three ways: to joint con-
vergence of the approximation error for several stochastic integrals, to lo-
cal Brownian semimartingales instead of Brownian motions, and to non-
equidistant and random evaluation times. The tools which help us quantify
the intuition given above is Girsanov’s theorem which shows how a mul-
tidimensional Brownian motion is affected by a change of measure, and
Lévy’s characterization of a multidimensional Brownian motion in terms of
its square variation processes.

The conditions needed for convergence apply more generally than to ap-
proximation schemes. They are that the Lebesgue integrals of the integrands
tend uniformly to zero in probability and that the square variation and co-
variation processes converge in probability. We additionally provide tools
which simplify checking these conditions and which extend the range of the
results. Further we apply these results to prove an explicit limit theorem for
approximations of integrals based on solutions of multidimensional SDE-s.

One center of interest for this paper is the possibility to improve ap-
proximation by using variable and random grids. In particular we study
approximation schemes where the evaluation times i/n are replaced by time
points given by the recursion 73 = 0 and

1
Tip = T + Wa
for a positive adapted process 6(t). We also study how the function 6 can be
chosen to design the approximation error so that it has desirable properties.
For example, these could be homogeneous evolution of risk, or to make the
approximation error have minimal standard deviation.

A main motivation for writing this paper was to provide tools to study
discrete hedging which uses random intervention times. We exemplify these
possibilities by using the general results to exhibit a "no bad days” strategy
and a minimum standard deviation strategy for the Black-Scholes model.

Weak convergence theory for approximations of stochastic integrals and
solutions to stochastic differential equations is developed in Rootzén (1980),
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Kurtz and Protter (1991a), Kurtz and Protter (1991b), and Kurtz and Prot-
ter (1991c) and, in particular, an extensive study of the Euler method for
SDE-s is provided by Jacod and Protter (1998). This theory has been used
and extended to solve and analyze various aspects of approximation and
hedging error problems in Mathematical Finance. As examples we mention
Duffie and Protter (1992), Bertsimas et al. (2000), Hayashi and Mykland
(2005), Tankov and Voltchkova (2009), Brodén and Wiktorsson (2010), and
Fukasawa (2011). A Malliavin calculus approach to discrete hedging is used
in Gobet and Temam (2001) and in a number of papers, which also con-
sider variable but deterministic grids, by Geiss and coworkers, see Geiss
and Toivola (2009) and the references therein. The main theoretical tool of
Hayashi and Mykland (2005) is related to our general result, as discussed
further below. The quite interesting paper Fukasawa (2011) also studies ran-
dom grid grid approximations, for one-dimensional processes. The setting
of Fukasawa’s paper is more or less in the middle between our theorems 2.2
and 3.3. The conditions used by Fukasawa are rather different from ours,
and there doesn’t seem to be any simple relations between the his results
and ours.

Now a brief overview of the paper. The next section, Section 2, contains
the basic general theorem on multidimensional convergence for stochastic
integrals with respect to local multidimensional Brownian semimartingales,
and the tools to check conditions and extend the result. In Section 3 we give
the explicit result for random grid approximations of stochastic integrals
based on the solution of a multidimensional SDE. Section 4 investigates
ways to design and optimize approximation errors, and in Section 5 this is
applied to discrete financial hedging.

2. GENERAL RESULTS

This section contains two main results. The first one gives a means to
establish multidimensional convergence of the distribution of stochastic in-
tegrals with more and more rapidly varying integrands, and the second one
shows how convergence of integrals with simple integrands can be extended
to more general integrands. In addition, Lemma 2.8 provides tools to check
the assumptions of the theorems. Our main aim is the error in approxi-
mations of stochastic integrals, but the reults may in fact also have more
general use.

Let = C(Ry,R%) be the space of continuous R%valued functions de-
fined on R, define B; = {B!}1<i<q by Bt(w) = w(t), let P be the probability
measure which makes B a Brownian motion starting at 0, and let F; be the
completion of the o-algebra generated by {Bs;0 < s < t}. Further write
F for the smallest sigma algebra which contains all the F;. Until further
notice is given all random variables we consider are defined on the filtered
probability space (22, (F;), F,P). Weak convergence will be for random vari-
ables (or "processes”) with values in C([0, 7], R¥), the space of continuous
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K-dimensional functions defined on the the time interval [0, 7], and with
respect to the uniform metric. Usually the dimension K of the processes
will be clear from the context, and then we for brevity write C'[0, T, instead
of C([0,T],R¥), and just write = for weak convergence.

Weak convergence is stable (or ”Rényi-stable”) if it holds on any subset
of F, and the convergence is mixing ( or ”Rényi-mixing”) if in addition the
limit is the same on any subset. In the present setting this is specified by
the following definition.

Definition 2.1. Let (X"),>1 be a sequence of random variables defined
on the same probability space (Q, F,P) and with values in C[0,T]. Then
(X™)p>1 converges stably to X, written X" =4 X, if E[Uf(X™)] con-
verges for any bounded continuous function f : C[0,T] — R and any bounded
measurable random variable U defined on (Q, F,P). If in addition

(1) L E[U f(X™)] = E[UIE[f(X)],
then (X™),>1 converges mixing to X, written X" =,, X.

It is straightforward to see that to establish stable or mixing convergence
it is enough to prove convergence of E[U f(X™)] for strictly positive U with
EU =1.

Let X* be a C]0,T]-valued random variable, defined on an extension
(Q, F,P) of the original probability space , such that X* has the same distri-
bution as X and is independent of any F-measurable random variable. Then
(see e.g. Aldous and Eagleson (1978)) X" =, X iff (Y™, X") = (Y, X")
for any sequence of random variables Y —, Y which converges in proba-
bility iff X™ = X with respect to P(:|A) for any set A with P(A) > 0. (In
the middle statement, convergence is with respect to the product topology.)
The same equivalencies hold for stable convergence, if the requirement ” X*
is independent of any F-measurable random variable” is removed.

Let X = (Xj,7 = 1,...d) be a continuous d-dimensional local semi-
martingale defined on the space (£, (F;), F,P) by

(2) Z/ G, 1(s)dBy(s) + /aj( )ds,

with G, and a; adapted, and with fo G2 pds < oo and fo st < 00 a.s.
for all j, k. Further let {H];} = {H];; 1 < i,j < d} be a d x d -dimensional

array of Fy-adapted processes such that fo
and write

6 HLX) = (Y Xp1<ig<d)
t
= Hax, (1< < djosier.

Thus {H?; - X, } takes values in C(]0, 7], R?*?). Let —, denote convergence
in probablhty

)2
” dt < oo a.s. for each i, j,
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Theorem 2.2. Suppose that {H]';} satisfies

t
(4) sup | [ Hjds| —p 0, n — 0o,
o<t<T Jo

and that

t
(5) / HPGjkHp Gongds = [o Hi jGj i Hy G k) ds, n = 00,
0

for i, j,k,l,m = 1,....d, and for some correlation matriz processes p* =
(pﬁjJ,m) :k=1,...d and positive process {H; ; : 1 <1i,j < d}. Let o* be an
arbitrary root of p* such that o*(o®) = pF for all t € [0,T]. Then, for X
given by (2),

d d
{HY - X5} = D HijGin- (Y 0FiimWimi)}h
k=1 I,m=1
as n — oo, where W = (Wi i1 <l,m,k < d) is a d x d x d-dimensional
Brownian motion which is independent of F.

This result simplifies in the special case when X is just a Brownian motion
B, see the following corollary. The corollary is close to Theorem A.1 of
Hayashi and Mykland (2005). Differences are that the corollary makes the
basic condition (4) explicit, gives a more detailed description of the limit
distribution, and has the more powerful conclusion of stable convergence.

Corollary 2.3. Suppose that (4) is satisfied and that
t t .
(6) / HHE jds = / H; jHy jp!,ds, n — 00,
0 0 '

as n — oo, for some correlation matriz processes p’ = ol(a’), where
i,j,k =1,...d and positive processes {H;; : 1 <i,j <d}, and 0 <t <T.
Then
d .

(7) {H7; - B} = {Hij- (O ol Wiy},

k=1
asn — oo, where W = (W ;1 < k,j <d) is a d x d-dimensional Brownian
motion which is independent of F.

The following lemma plays in important role in the proofs.

Lemma 2.4. Suppose that n(t) and H"(t) are real-valued random processes
with fOS n(t)2dt < oo a.s. and with limsup,, ., fos H"(t)%dt < oo a.s. for
some positive constant S < oo. Suppose further that

t
sup | [ H"ds| —, 0, n — 0o.
o<t<s Jo
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t
(8) sup | [ H"nds| —, 0, n — oo.
o<t<s Jo

Proof of Lemma 2.4. Suppose first that there exists a sequence {n;} of pro-
cesses such that

S
/O(n(t)—nk(t))zdt Ly 0 as ks oo,

t
sup ]/ H"n(s)ds| —p 0 as n — oo, foreach k.
0<t<s Jo

Then, by the Cauchy-Schwarz inequality

t t
limsup sup | [ H"nds| < limsup sup | [ H"nds|
n o 0<t<S Jo n  0<t<S Jo

t
+limsup sup | [ H"(n— ng)ds|
n 0<t<S Jo

S S
0+ \/Iim sup/ (H”)th\// (n — nx)2dt,
n 0 0

which tends to 0 as k — oo, so that (8) holds.

Thus the lemma follows if there exist a sequence {n;} which satisfies
the two requirements above. Now, e.g. by convolving n with a sufficiently
narrow normal density it can be seen that there exists a continuous process
Tk, jointly measurable in ¢ and w, such that P(fos(n(t) — ik (t)2dt > 1/k) <
1/k. Furthermore, with 14 denoting the indicator function of a set A, for

(1) = S (i) M) 1yc(iS/m,(i+1)S/m) it follows that

IN

s
/ (7 (t) = Tlen(1)?dt —as. 0 as m — oo,
0

. . Sl ~ .
and thus, choosing my suitably, n, = ZEZ’S }nk(zS/mk)1t€[i5/mk7(i+1)s/mk)
satisfies the first one of the two relations above. Furthermore, the second
one is easily seen to hold for 7 of this form. O

Proof of Theorem 2.2 and Corollary 2.3. We do this in reverse order, and
first prove Corollary 2.3. For simplicity of notation we only prove the corol-
lary for a 2-dimensional Brownian motion, i.e. for the case d = 2. The
general case is the same.

By Rootzén (1980), Theorem 1.2, each marginal process {H}'; - B;(t),0 <
t < T} is tight C([0,7T],R), and then also the entire d x d-dimensional
sequence {H[; - B;(t),0 <t < T,1 <4,j < d} is tight C([0,T],R¥9), so
only stable finite-dimensional convergence remains to be proved. We prove
this in two steps, where the first one follows along the lines of Rootzén (1980)
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and the second step uses the Cramér-Wold device. A final third step uses
Corollary 2.3 to prove Theorem 2.2.

Step 1: Let {¢7; i = 1,2} be adapted processes such that, for i =1, 2,

t

9) sup | [ oi'ds| =, 0
o<t<T Jo

and such that

(10) [wrras =, [ wyas

for some 1,12 > 0, 0 <t < T . To make inverses well defined, we without
loss of generality can assume that the ' (t) are defined also for ¢ > T', and
such that Equations (9) and (10) hold with T replaced by S for any S > 0,
and with ¢;(t) = 1 for ¢ > T and ¢ = 1,2 . This doesn’t involve neither
the result to be proved nor the assumptions, and hence can be done without
loss of generality.

Let C[0,00] = C([0,00),R) be the space of continuous realvalued func-
tions defined on [0,00) and endowed with the topology of uniform con-
vergence on compact sets, see Whitt (1970). Let the random variable
U > 0 satisfy EU = 1, and assume the functional f:Cl0,00) — R is
bounded and continuoub Further, set 7, (¢ fg (Y7)%ds + fg (¥2)2ds, let
T(t) = limy—y00 T (t fo V1)%ds + fo 9) st and define 7,1 by 771(t) =
inf{s: 7,(s) > t}. Addltlonally let W be a 1-dimensional Brownlan motion
which is independent of F. We first prove that

—1.

T (+) () B
(11) IEUf(/O dB, + /0 BdBy) = EF(W(),

for each such U, so that [J™ 0 vdBy+ [;" 0 Y8dBy =, W, on C[0,00).
Now, define a new probability measure Q by dQ/dP = U, and write Eg for
expectation taken with respect to Q. Then, by Girsanov’s theorem (Rogers
and Williams (2001, Theorem IV 38.5)) there exists an adapted square in-
tegrable process ¢ = (c1, ¢z) such that (B(t) = fo c1(s)ds, Bo(t) —

fo c2(s)ds) is a Brownian motion under Q.
Hence

() ™ ()
(12) EUf( / WrdB, + / Y2dBy)
0 0
7t () 5 () B
—Bof( WfdBi+ [ uidb
0 0

™ () ™ ()
+ / Yieids + / Py cads).
0 0
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Under Q the process fo‘rgl(') By —|—f0‘r;l(') Yd By has the same distribution
as W (Rogers and Williams(2001, Theorem IV 34.1)). Further, by Lemma
2.4, we have that fg Ylerds + fot Yeads —p 0 in C[0,S], for any fixed S.
Since f is bounded and continuous on C[0, 00), these two facts prove (11),
and hence mixing convergence on C[0, 00).

It thus follows from 7,, —, 7 that (7, OT’TI(') Y1dBy —l—foﬂ”‘_l(') 2dB3)) =
(7,W), and hence, by composing 7, ! with 7, , c.f. Billingsley (1999, p.
145), that

t t ~
(13) /0 WrdB, + /0 By = W(r(1))

in C[0, 00), and hence in particular in C[0, 7.

Step 2: Finite-dimensional stable convergence now follows by standard but
notationally complicated Cramér-Wold arguments. To lessen complications
we here only consider two basic cases, and leave the general argument to
the reader. Thus, first, let ¥7'(s) = biljo<s<y} HT'i(s) for i = 1,2, with
0 < t1,ta < T. Equation (6) implies that

tAt tAt2
Tn(t) —p 7(t) = b? Hilds + b2 H1272ds
0 0
so that by (13)
tAL1 tAt2 5 tAt1 tAto
by H{' dBy+by H{5dBy = W (b HY ds+b3 H? yds).
0 0 0 0

Now, using elementary properties of Brownian motion together with Rogers
and Williams(2001, Theorem IV 34.1) we have that W (b g g Pids +

b2 (fAtQ H%’st) has the same distribution, and the same dependency with
any J-measurable variable, as

tAt tAt2
b1 Hy1dWi1+ b Hy2dW 2,
0 0

for independent Brownian motions W 1, Wi 2, so that we by (13) have es-

tablished that by [;""" HI'dBy + by [ H'ydBy =>4 by [y""" Hy1dWi, +

by fg Ny 1,2dW1 2, for any real numbers by, bo. In particular stable 2-dimensional

convergence of (Hﬁl 'Bl (tl), Hﬁ2 . Bg(tg)) to ( 51 Hl,ldWLla 52 HLQdWLQ)
follows by Cramér-Wold.
If we instead take 9} = bII{Ogsgtl}Hﬁl(3)+b21{0§s§t2}H£1(8) and ¥ =0
then, by (6),
tAL1 tAt2

tAL1 A2
Tn(t) —p 7(t) = b3 H} ds+2b1bs / Hy1Ha1p1 5+ H3ds.
0 0 0
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Furthermore, similarly as before, it can be seen that then W (7(-)) has the
same distribution, and the same dependency with any F-measurable vari-
able, as

tAL1 tAt1
1 1
b ( Hyyo1dWia + Hiy 101 2dWa,)
0 0
tALo tAt2

+b2( HQJU%JC[WLl + H271O'%72dW271)
0 0
Reasoning as above we get that
t1 to
by HildBl—i-bQ H;ﬁdBl =
0 0
t1 t1
b1 H1,10i1dW1,1 + b H1,1U%,2dW2,1
0 0
to to

+ by H2,10%,1dW1,1 + b H2,1U%72dW2,17
0 0
for independent Brownian motions Wi 1, Wa 1. Since by and by are arbitrary,
this proves stable two-dimensional convergence of (H 1B (t1), 21 By (t2)).
A general proof of Corollary 2.3 is only notationally more complicated.
We next use Corollary 2.3 to obtain the conclusion of Theorem 2.2.

Step 3: By Lemma 2.4, if H; satisfies (4) then supg<;<7 | f(f H:a;ds| — 0,
for all 4, j, and hence the general result follows if we can prove that the result
of the theorem holds for the case when all a; are identically zero. Thus, to
find the limit of {H}"; - X;} one only has to consider

d
{D_HGx - Bi}.
k=1

However, again by Lemma 2.4, if H;'; satisfies (4), then

t
(14) sup | [ H];Gjrds| —p 0.
0<t<T Jo
The result then follows from Corollary 2.3. O

We now change to a more general setup, from Brownian semimartin-
gales to general processes (H™, X™) which are defined on filtered probability
spaces ¥ = (Q", F™", P", (F')o<t<oo). Here F" is a P™-complete o-algebra
and (F¢)o<t<oo 18 a filtration which satisfies the usual hypotheses (but which
is not necessarily generated by a Brownian motion). The following definition
is key to our goal. We give it for vector valued processes. The definition for
matrix valued processes is analogous.

Definition 2.5. Let (X,,)n>1 be a sequence of continuous R valued semi-
martingales defined on W™, n > 1 and assume that X™ = X. The sequence
X" is good if for any sequence of R¥™% yalued adapted cadlag stochastic
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processes (H™)p>1 defined on U™ such that (H", X") = (H, X), there exists
a filtration (G¢) such that X is a semimartingale and H is an adapted cadlag
process, and {H;'; - X7} = {H, j - X;}.

The following criterion is sufficient for goodness, see e. g. Theorem 2.2
in Kurtz and Protter (1991a).

Definition 2.6. A sequence of continuous R%-valued semimartingales (X™)n>1
is said to have uniformly controlled variations (UCV) if for eachn > 1,
there exist decompositions X™ = M™ + A™ such that

T
supE”{[M”,M"]T—i-/ dA?\} < 0.
n 0

The next theorem combined with Theorem 2.3 will give the asymptotic
distributions of approximation errors for stochastic integrals. If in addition
to the conditions of the theorem f is bounded, then the result follows from
Theorem 3.5 in Kurtz and Protter (1991b). However, in the present setting
the result holds also without the boundedness condition, and it is further
possible to give quite simple proof. In the theorem, 0 = 7§ < 7' <--- < 00
are {J;}-stopping times, and 7, is defined by n,(t) = 7!, 7/ <t < 7, ;.

Theorem 2.7. Let Y be a continuous R¥-valued {F;}-semimartingale on
[0,T], and suppose that f = (f1,..., f4) is continuously differentiable. As-
sume that n,(t) tends to the identity in probability for t € [0,T] and let {\,}
be a positive sequence converging to infinity. Further, set

U= A / (F(Y) = F(Y o)Ay

d
= MY [ = £ om)ay;
=1
and define

(15) Z5(8) = A /0 (Y;(5) = Y; 0 mu(s))dYi(s).

Suppose that (Z™),>1 is good, and that (Z",Y) = (Z,Y). Then U™ = U
on [0,T], where

d
afi(Y)
U= Z / o dZj.
2,7=1
Since 7, is nondecreasing, pointwise convergence in probability in [0, T, as

assumed in the theorem, is equivalent to uniform convergence in probability
in [0,7]. Below we will use this without further comment.

Proof of Theorem 2.7. For simplicity of exposition, we assume that d = 1.
By the continuous mapping theorem we have that (Z™,Y,Y) = (Z,Y,Y).
Since Y is continous and 7, converges uniformly in probability to the unity
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this in turn can be seen to imply that (Z",Yon,,Y) = (Z,Y,Y), e.g. by us-
ing the Skorokhod translation of convergence in distribution to convergence
a.s..

We now define

f(x) = fy)
9(@,y) = ———,
r—=y
where we make the continuous choice g(x,z) = f'(x) when the denominator
vanishes. The function g is uniformly continuous on [0, T]?, so the continuous

mapping theorem gives that (Z",g(Y,Y on,)) = (Z, f/(Y)). Now,

U™ = A, / (F(Y) = F(Y ona))dY = / 9(Y,Y o )d2".

But since (Z™),>1 is good, we have that

/g(Y,Yonn)dZ" = /f’(Y az

which proves the theorem for d = 1. O

The next lemma provides a tool for verification of criteria like (4) and (6).
In the lemma we specialize to stopping times (cf. the introduction) defined
recursively by 75 = 0 and

1
1 b= (24 ) 1T
for some adapted stochastic process 6. As before let
(17) nn(t):T;?, T <t<Tpy, for k=1,2,...,

and write E, = IEfO s)Pds = fl SP/QIEB( Pds = EB(1)?/(p/2 + 1) so
that El—EfO s—Oand By = Efo (s)%ds = 1/2.

In the lemma we Will assume that the functlon a(t); t € [0,T] is locally
bounded, i.e. that to any € > (0 there exists a localizing stopping time v = v,
such that a(t A v); t € [0,T] is bounded, and such that P(vr < T) < e. In
particular, if a is continuous on [0, 7] then a is locally bounded.

Lemma 2.8. Assume that a and 6 are adapted processes such that a is
locally bounded, 6 is strictly positive, and a(t)/0(t)?/? is a.s. Riemann inte-
grable over [0, T, and let 7' and n, be defined by (16) and (17). Set

(18) P (t) = nP/? Z a(tg)(B(t) — B(Tg))pl{rggtqgﬂ},
Further assume that 1, tends to the identity in probability. Then

(19) sup | 1/Jn E/ —p 0,

0<t<T

asn—)oo,forpzl,z
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Proof of Lemma 2.8. If we prove the lemma under the additional restriction
that a is bounded, then it follows in general, since it then holds for a(t)
replaced by a(t A v) for any localizing stopping time v, and this in turn
implies that (19) holds with probability greater than 1 — ¢, for arbitrary e.
Thus we assume in the rest of this proof that a is uniformly bounded, so
that in particular the expectations exist.

To ease notation we below sometimes will write 75, instead of 7;* and define
Fi = Fy,. Clearly

Th41 B 1/nb(7x)
nP/2E{ / a(m)(B(t) — B(m,))Pdt| Fr.t = nP2a(my) / EB(t)Pdt
Tk 0
B a(Ty)
N Epn&(fk)P/QH .

Recalling the definition of ny,

e aon,(s)
ZE Tkp/QH_Ep/O 790%(3)23/2%,

ao (s
Xk—/ Ypds — E/ G om(s p/2d

is a martingale with index set Z. .

In the following we show that >, E (X1 — X)?|Fk) — 0. By the
functional central limit theorem for martingales (see e.g. Rootzén (1983),
Theorem 3.5) this in turn implies that

and hence

@0 1n(s)
(20) maX ’Xk‘ = maX ’ / wndS E / st‘ —>p 0

as n — oo. Using the Cauchy-Schwarz inequality in the second step, ele-
mentary properties of Brownian motion in the third, and that (7441 —7%) =
1/(nf(7x)) in the fourth step, we have that

Th41 2
E Ppdt |ﬁ]
S| va) 15
WS a(m(n —n) [ BIB() - Bl Filde
k

Tk

IN

D E [(Xpg1 — X5)?| F]
k

IN

Es,
p+1n § Tk (Tk+1 Tk)

Ezy max( () ) Z (ne(a(Tk) )

p+1 &k nf(r)p/2H W= T3 )P/2+17

It follows from the Riemannn integrability of a/ 07/ that in the last ex-
pression above the first factor tends to 0 and that the second tends to
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fOT a(s)/0(s)P/%ds, so that the product tends to zero. This completes the
proof of (20).

The assumption that a is bounded and straightforward computation show
that E fOT 2ds is bounded in n, and since furthermore max {7 — T} =y
0, we can apply the Cauchy-Schwarz inequality, to see that

t T 1/2
max sup | [ ¢npds| < (maX{T,?H - 7',?}/ ¢,2Lds> —p 0,
koon<t<rp,  Jop k 0

for n — 0o. Together with (20) this shows that

aony(s
1
) | [ = [ e

By assumption a/ 67/ is Riemann integrable, and hence

b aon,(s)
22 ——————ds| =4 0.
(22) 0<t<T‘/ 0(s p/2 0 0omn,(s)P/? sl =

The triangle inequality together with (21) and (22) concludes the proof of
the lemma. O

3. APPROXIMATION OF STOCHASTIC INTEGRALS

We now use the results from the previous section to find the explicit form
of the asymptotic distribution of the the sum of the errors in approximating
d stochastic integrals where the integrands are functions of the solution to a
d-dimensional SDE and where the integrators are the same solutions to the
SDE. The following condition is used in the theorem.

Condition 3.1. Let the measurable functions a(-) : R — R B(-) : R —
R¥X4 satisfy
a(x)] + [B(z)] < C(1 + |z),

where x € RY for some constant C' and

la(z) —a(y)| + |B(z) — B(y)| < Dlz —yl,
where x,y € R? for some constant D.
This condition ensures that the SDE has an unique continous solution.

Further, we will need the following lemma, which is given as Lemma 2.5 in
Rootzén (1983).

Lemma 3.2. Suppose {Z"},>1 is a sequence of positive discrete time sto-
chastic processes, adapted to their respective filtrations {F"},>1 and that T,
is a stopping time with respect to F™ for each n. Then

D E(Z}1F) =0
j=1
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implies that .
zn: Z7 —p 0
j=1
Theorem 3.3. Let Y be the solution of the SDE
(23) dY (t) = a(Y (t))dt + B(Y (t))dB(t),
where B is a d-dimensional Brownian motion, «, 8 satisfy Condition (3.1),

and Y (0) is independent of B and satisfies EY (0)? < co. Then the error in
the FEuler-type approrimation scheme defined by

Un = nl? / FY(8) = F(Y 0na(0)dY (2),

where f = (f1,..., fa) is continuously differentiable and the grid is given by
(16) with supycpo ) 0(t) < o0 a.s. and 1/0 a.s. Riemann integrable, satisfies

Ty /Akm AW (11)

k,m=1
on [0,T], where

S it B (Y (£) B (Y (1)) B, (Y (1)
20(t)

and W is an d x d-dimensional Brownian motion, independent of B. In
particular,

Ak,m (t) -

9

sup |[U™(t)|= sup | Z /Akm VAW 1 (0]
0<t<T UESES

Proof of Theorem 8.3. We first assume that the coefficients a and g are
uniformly bounded, and prove that the result holds under this extra as-
sumption. The general result for unbounded coefficients then follows by an
easy localization argument which is given at the end of the proof. We again
write F, instead of F,, and often suppress the explicit dependence on n and
e.g. write 7, instead of 7.

Since 1/6 is Riemann integrable, and hence pathwise bounded a.s., and
supyepo,r] 0(t) < 00 a.s., it follows that 7, tends to t uniformly a.s.. By The-
orem 5.2.1. in Oksendal (2003) there exists a unique ¢-continuous solution
Y to Equation (23).

The first part of the proof consists of showing that

\f/ —Yjonu(s))dYi(s): 1<i,j<d

converges jointly with Y. For this we prove that the conditions of Theorem
2.2 are satisfied for H}' = Vvn(Y;=Yion,) and G;, = B;. The bounded vari-
ation part of ¥; —Y; o, can be seen to give contributions which are O,(1/n)
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and thus, using the triangle inequality and writing 1,(s) = 1{7,<s<r, .} it
can be seen that (4) follows if we show that

/Z/ )81, (w)dB; (u)ds

(24) V/n sup
t€[0,T)

—p 0,

f0r1<ij<d

i / > / )8, (w)dB; (u)ds
(25) . / > / $)(Bug () — Bij(r))dBi(u)ds
v / 5 10(6)hs () (Bie) = B ().

The last term tends to zero in probability by Lemma 2.8 with p = 1, since
Riemann integrability of 1/ V0 follows from Riemann integrability of 1 /0.

We next show that also the first term on the righthand side is negligible.
Let C denote a generic deterministic constant whose value may change from
one appearance to the next. Since 7,,; is measurable with respect to F,
it follows from Condition 3.1, It6’s isometry, and the assumption that the
constants in (23) are bounded that

(20) B [ (3ugt) = By ()Pl 7] < € [ BV @) = () | B
< [(w-rdu £ = m
Define U
~vi [ / j””“wi,j(w — Buj(r))dBi(u)ds,

so that the first term on the righthand side of (25) equals >, A,(t). Using
Doob’s inequality together with the Cauchy-Schwarz inequality in the second
step and (26) in the third step we have that

E[ sup [Ay(t)[1F] < vVilror —7)E[ sup I/ (B (w) = Bij(70))dBi(u)| | F]

To<t<Ty41 To<5<Ty4+1
Tu+1

< Cf(rst — m)E| / (B () — By ()2 | o]V

C\/H(Tv—‘rl - Tv)2-

IN
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Thus, by the definition (16),

DOE[ sup A |F] < C\/ﬁZ(%H—Tv)

v Tov §t<7'v+1

1
< C’f T sup

—a.s. 0.
n" o<t 0(t)

According to Lemma 3.2 it follows that 3, sup, <icr, ., [Au()| =, 0. Hence,

sip [S2,01 <Y sup |AuD)] 0

0<t<T v v Tv <t<Ty+1

which completes the proof that the first term in the righthand side of (25)
tends uniformly to zero in probability.

Completely similar, but more complex computation show that for any
indexes 1, j, k, [, m, and using Lemma 2.8 with p = 2 for j = m and compu-
tations similar to (but simpler than) the proof of Lemma 2.8 for j # m,

o[ > [ 1350085 0) | 10(6)801 (B (25 (5 s
=1 Bij (1) Bk (T0) Brm (1) B g (70)
BBy Bal®) — Balr)L(0) + 0p(1)
w3 [ B OB B )/000)005
where 8, is 1 if j = m and zero otherwise. It follows that also the condition
(5) of Theorem 2.2 holds, for H;(s) = v/n(Yi(s) = Yionu(s)) and Gy, = B,

with H, ;(s) = 8 ;/V0 and pﬁjyhm = d;m, and hence

67’».7

(27) {H; - Yi} = {Z

lkl

Bj,k Wikt

since 0; j;m = 1 if j = m, and oy j; ,, = 0 otherwise.

Arguments similar to those above show that {Hfj -Y;} has uniformly
controlled variations and hence are good. Stable convergence implies that
the left hand side of Equation 27 converges jointly with Y. The first con-
clusion of the theorem now follows from Theorem 2.7, for the case when the
coefficients are bounded.

To remove the restriction that the coefficients are bounded, for general
@i, B, j define coefficients af = a; A c and 57 ; = B; ; A c. Theorem 5.2.1. in
(ksendal (2003) still yields unique ¢-continuous solution Y to Equation (23)
for these functions. Let U™ be defined from «af, B in the same way as U™
is defined from «, §; j. With obvious notation, we have already proved that
U™ = U, as n — oo for each fixed c. Since P(supycp [Y(t) — Y (¢)| >
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0) — 0, as ¢ — oo also U¢ =4 U. Further,

limsupP( sup [U™¢—U"| > 0)
n t€[0,T]

< P(inf{t : max{max{a;(Y;)}, max{p; ;(Y;)}} > ¢} <T) =0,

as ¢ — oo. Hence, Theorem 3.2 in Billingsley (1999) gives that U" =, U,
which proves that the first result of the theorem holds also for the general
case.

The second conclusion follows from from the first by the continuous map-
ping theorem, since the supremum mapping is continuous. ([

4. DESIGNING THE ERROR IN APPROXIMATIONS OF STOCHASTIC
INTEGRALS

In deciding on which approximation scheme to use to compute a stochastic
integral - or, to decide on a hedging strategy - one has to balance the error
with the number of intervention times N = N, = max{k; 7' < T}. In this
section we will investigate two such schemes. The first one could be called
the "no bad days” strategy, and simply consists in choosing the stopping
times {75} where the stochastic integral is evaluated - or the times when
the portfolio is rehedged - in such a way that the error is a Wiener process.
In the second strategy we bound the expected number of evaluation times
and minimize the asymptotic standard deviation of the approximation error
under this restriction.

The setting of this section is the following: Suppressing the superscript n
the stopping times are given by (16), i.e. 79 = 0 and

(25) mn = (mt s ) AT

with 8 adapted and positive, and the distribution of the approximation error
e(t) satisfies

t
f(s)

29 Vne(t) = / dW (t),
(29) (t) 0 VoS (t)
for some adapted process f(s) > 0 and Wiener process W which is indepen-
dent of 6 and f. Here it should be noted that (29) is more general than it
looks at first. E.g. the approximation error in Theorem 3.3 satisfies this for
£ = \/3 Shames A0

It is straightforward to find the asymptotic number of evaluation times.

Proposition 4.1. Suppose that 0 is Riemann integrable a.s. and that
infOStST (9(t> >0 a.s.. Then

n—oo n 0
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If, in addition, E[supy<,;<7 0(t)] < oo, then

n—00 n

N, T
lim E—2 = / EO(t)dt.
0

Proof of Proposition 4.1. Suppose first 8 is of the form

k
(30) o0(t) = Z 0il[a;,05,1) (1)
i=0

for some random variables #; > 0 and 0 = ag < a1 < ... < ap = T, and
with 1f,, o, ,) the indicator function of the interval [a;, a;11). For each w, it
is easily seen that the number of intervention times in the interval [a;, a;11)
is nb;(ai+1 — a;) + O(1), and hence

N k
= => 0 az+1—a,+0 /9 t)dt + O(— —>/ o(t

=0

as n — co. If § < 6§ and 6 is of the form (30) then, with obvious notation,
Nn(0) < N, (6)+0(1), and the corresponding bound with all the inequalities
reversed is also true.

Now, by assumption 6 is Riemann integrable, and hence can be approxi-
mated arbitrarily well from below and above by functions of the form (30).
This proves the first assertion of the proposition.

Furthermore, N,,/n < T supg<;<7 0(t) + 1/n, and hence the second asser-
tion follows from the first one by dominated convergence. U

In the rest of this section we assume that we "are in the asymptotic
regime”, i.e. that n is so large that we, to the degree of approximation
needed, may assume that the limits above can be replaced by equalities.
Thus, below we will assume that

(31)  EN = n/T EO(t)dt,
0

so that in particular Ee(t)? = 1 fg E];((i); ds.

The no bad days strategy: It is at once seen, supposing that f? is Riemann
integrable, that if we choose (t) = cf(t)?, for some constant ¢, then

and
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Thus, in a financial setting, with this choice of § there are no ”days” where
the hedging error grows quicker than during other days, and hence a trader
can sleep equally well (or equally badly!) each night.

Minimal standard deviation: We will now, supposing that f is Riemann
integrable, show that the solution of the optimization problem

inf {VEe*(T):EN < C}

{6:6>0, adapted}
is given by 6(t) = fo Ef(s . For this choice

EN = C, e(t) =1/ 2 Efds/ JFAW.

Thus in particular, for the optimal strategy the standard deviation is \/Ee(T)2 =

[T Efds/\C.

Now, write §# = nf. With this notation Ee(T)? = EfOT f?/fds and the
restriction is E fOTé < C. Applying the Cauchy-Schwarz inequality twice, it
follows that

' s)? \/ ' ~3\/ TNs
(IE/O fds)? < E/0f2/9d /09d
T T
< B[ praE(| i),
and hence . \
Eg(t)2>wl

- C
However, above we have seen that § = nf = Cf/( fOT Efds) achieves this
bound, and hence is the optimal choice.

5. APPLICATION TO HEDGING

An important application of the results in the previous section is to hedg-
ing of financial derivatives. Here we treat the simplest Black-Scholes model
and only give a brief comment on more complicated problems. The limit
distribution of the Black-Scholes hedging error for equidistant determinis-
tic grids has been studied in e.g. Bertsimas et al. (2000) and Hayashi and
Mykland (2005). (We have not been able to follow the proof of Theorem
1.b in Bertsimas et al. (2000) - specifically we could not understand the use
of Lemma 5.1 from Duffie and Protter (1992).)

We distinguish between complete and incomplete financial markets. In
complete markets, all derivatives can be replicated (hedged) perfectly by
trading in a self-financing way in the underlying and a money market ac-
count. The approximation error distribution we analyze is here the total
hedging error. In an incomplete market, an investor who hedges a contract
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will still choose a hedging portfolio which is, in some sense, optimal for her
purposes. In this case, the error we obtain is relative to this optimal hedging
portfolio. We give now an application of the results in the previous section
to hedging in the complete Black-Scholes market.

We assume that a stock S follows the Black-Scholes model. In other
words, we model the stock as a geometric Brownian motion, which has the
dynamics

dS(t) = pS(t)dt + oS(t)dB(t),
for p,0 > 0, where B is a Brownian motion, and S(0) = s > 0. Further, we
have a risk-free money market account with dynamics
dR(t) = rR(t)dt,

for r > 0, where R(0) = 1. It is well known that the price of a so-called call
option with payoff max(S(T) — K,0) at the deterministic terminal time T,
for some strike price K, is at time ¢

T(t) = ®(dy)S(t) — Ke T d(d_)
where ® denotes the standard normal cumulative distribution function and
log 54 4 (r + )T —t)
oVT —t '

S(t)
Y(t) = ( R(t) ) 5
and f = (®(dy), —®(d_)Ke"T), we get that

() = / OV (B)dY (1)

gives the self-financing price process of the call option. This is of the form
considered in Theorem 3.3, with d = 2 and £1,1(t) = 0S(t), and all other
B-s equal to zero. Thus, using the stopping times (16), Theorem 3.3 gives
that the hedging error satisfies

ValI(t) = o, () = /

d+(t) =

Now, if we set

52(3)025(3)2 /7/200)dW (s)

! ¢(d+(t))0’5(8) dW(S),
0 V20(s)(T —s)
with ¢(t) = d®(t)/dt the standard normal density function.

Consider now an investor who hedges a call option, but who only adjusts
her hedge at some stopping times {7x };>1 of her own choosing. If she want to
have a ”uniform” increase of the error and make it approximately a Brownian
motion, she should use the ”no bad days” strategy from the previous section.
This would mean that she would use the stopping times (28) with 6(¢) =
cp(dy(t))202S(t)?/(2(T — t)). However, this leads to a (purely) technical
difficulty: 6(t) tends to 0 as t — T if S(T') € R\ K and to oo if S(T') = K.
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This means that the assumption of a.s. Riemann integrability of 1/6 is not
satisfied on [0, T, nor is the assumption that sup;co ) 0(t) < oo on [0,77]. A
theoretical (and in fact also practical) solution is to instead only evaluate the
hedging strategy up to a constant time V' < T, with V close to T'. Theorem
(3.3) gives that the hedging error up until V for large cn then approximately
is distributed as W (t)/+/cn.

Alternatively, the minimum standard deviation strategy and the same
reasoning as above leads to choosing

o v S))o S
s - c¢<d2+(<;>>_ ts)m o | E[gﬁ(d;(( ;)—ig )

ds),

where C' is the expected number of evaluation times. This yields the ap-
proximate distribution

(33) \/ / C \/7_5 / \/ (d (5 )dW(s)

for the hedging error, for n large.

It is now completely straightforward to add one or more stocks to the
portfolio and, using e.g. that fg f1/V0dW, + fg f2/v/0dW5 has the same
distribution as fg VI R VOdW , to find the optimal stopping times and
the resulting error when the hedges for all of the stocks are adjusted at the
same time points. This is how portfolio hedging is done in practice. We
leave these calculations to the reader.

REFERENCES

Arpous, D. J., EAGLESON, G. K. (1978): On mixing and stability of limit theorems.
Annals of Probability 6, 325—331.

BERTSIMAS, D., Kogan, L., Lo, A. W. (2000): When is time continuous? Journal of
Financial Economics 55, 173-204.

BILLINGSLEY, P. (1999): Convergence of Probability Measures. John Wiley & Sons, Inc.,
New York.

BRODEN, M., WIKTORSSON, M. (2010): Hedging errors induced by discrete trading under
an adaptive trading strategy. Preprint.

DUFFIE, D., PROTTER, P. (1992): From discrete to continuous time finance: weak con-
vergence of the financial gain process. Mathematical Finance 2, 1-15.

FUukAsawA, M. (2011) Discretization error of stochastic integrals. To appear in Annals of
Applied Probability.

GEIss, S., ToivoLa, A. (2009): Weak convergence of error processes in discretizations of
stochastic integrals and Besov spaces. Bernoulli 15, 925-954.

GOBET, E., TEMAM, E. (2001): Discrete time hedging errors for options with irregular
payoffs. Finance and Stochastics 5, 357-367.



22 CARL LINDBERG, HOLGER ROOTZEN

Havasui, T., MYKLAND, P. A. (2005): Evaluating hedging errors: an asymptotic ap-
proach. Mathematical Finance 15, 309-343.

Jacop, J., PROTTER, P. (1998): Asymptotic error distributions for the Euler method for
stochastic differential equations. Annals of Probability 26, 267-307.

KALLENBERG, O. (2002): Foundations of modern probability. Springer Verlag, New York.

Kurtz, T. G., PROTTER, P. (1991): Weak limit theorems for stochastic integrals and
stochastic differential equations. Annals of Probability 19, 1035-1070.

Kurrz, T. G., PROTTER, P. (1991): Wong-Zakai corrections, random evolutions, and
numerical schemes for SDEs. In Stochastic Analysis 331-346. Academic Press, New
York.

Kurrz, T. G., PROTTER, P. (1996): Weak convergence of stochastic integrals and differ-
ential equations. 1995 CIME School in Probability. Lecture Notes in Math. 1627, 1-41.
Springer Verlag, Berlin.

ROGERs, L.C.G. AND WiLLIAMS, D. (2001) Diffusions, Markov Processes and martin-
gales, Vol 2, Ito Calculus. University Press, Cambridge.

RooTzEN, H. (1983): Central limit theorems for martingales via random change of time.
In Essays in honour of Carl Gustav Essén, Eds. Holst and Gut, Uppsala University,
154 - 190 (available as item [21] on http://www.math.chalmers.se/ rootzen/lista.html).

RooTZzEN, H. (1980): Limit distributions for the error in approximations of stochastic
integrals. Annals of Probability 8, 241-251.

Tankov, P., VoLTCHKOVA, E. (2009): Asymptotic analysis of hedging errors in models
with jumps. Stochastic Processes and their Applications 119, 2004-2027.

WHITT, W. (1970): Weak convergence of probability measures on the space C[0,0).
Annals of Mathematical Statistics 41, 939-944.

(DKSENDAL, B.(2003): Stochastic differential equations: an introduction with applications,
6th ed. Springer Verlag, Berlin Heidelberg.

C. LINDBERG: MATHEMATICAL SCIENCES, CHALMERS UNIVERSITY OF TECHNOLOGY
AND GOTHENBURG UNIVERSITY, SE-412 96 GOTEBORG, SWEDEN

H. ROOTZEN: MATHEMATICAL SCIENCES, CHALMERS UNIVERSITY OF TECHNOLOGY
AND GOTHENBURG UNIVERSITY, SE-412 96 GOTEBORG, SWEDEN;
HTTP://WWW.MATH.CHALMERS.SE/ ROOTZEN/



